We propose a scheme of overlay alignment for plasmonic lithography using a scanning contact probe. Using two resonances of a ridge aperture in a metal film, we introduce the aperture's multifunctional characteristics for patterning and alignment at different wavelengths. To verify this idea, we measure an image of an alignment mark using a scanning ridge aperture and determine the reference point for the alignment. We then analyze the uncertainty of the alignment method with respect to the image data noise and compare the numerical results with the experimental results. Extensive research has been conducted to overcome the diffraction limit in near-field light. Properly designed geometry of a ridge aperture in a metal film, such as a bowtie-shaped aperture, a C-shaped aperture, etc., can greatly enhance transmission to produce a bright nanosized spot by combining surface plasmon polaritons (SPPs) with the near field of the aperture [1, 2] . Writing technology with such a plasmonic structure for nano-scale patterning, "plasmonic lithography," can use a flying plasmonic lens array or a plasmonic contact probe for highspeed recording [3] [4] [5] [6] [7] [8] [9] . Plasmonic lithography provides the advantages of realizing a maskless nanolithography with a simple configuration of devices at low cost. Much research has focused on the practical issues of resolution and high throughput to develop plasmonic lithography as a next-generation maskless lithography technique. For its practical use, alignment of recorded patterns for the overlay process can be a critical issue for lithography processes and outcome quality. However, this area has received relatively little attention, and no studies have reported on the alignment of multiple layers or complicated patterns. To align patterns recorded by plasmonic lithography, especially with a plasmonic contact probe containing the ridge aperture, we consider three basic steps for the alignment process. These are defining a fiducial point in a certain mark offering position information, detecting the mark pattern, and setting a coordinate system for the patterning process. Because the patterns are recorded by the probe, it is the best direct way to align the working probe with the substrate to be patterned for the overlay process . It is commonly thought that the alignment process should have subpattern-sized accuracy in each stage, which affects the yield efficiency of the nano devices.
Extensive research has been conducted to overcome the diffraction limit in near-field light. Properly designed geometry of a ridge aperture in a metal film, such as a bowtie-shaped aperture, a C-shaped aperture, etc., can greatly enhance transmission to produce a bright nanosized spot by combining surface plasmon polaritons (SPPs) with the near field of the aperture [1, 2] . Writing technology with such a plasmonic structure for nano-scale patterning, "plasmonic lithography," can use a flying plasmonic lens array or a plasmonic contact probe for highspeed recording [3] [4] [5] [6] [7] [8] [9] . Plasmonic lithography provides the advantages of realizing a maskless nanolithography with a simple configuration of devices at low cost. Much research has focused on the practical issues of resolution and high throughput to develop plasmonic lithography as a next-generation maskless lithography technique. For its practical use, alignment of recorded patterns for the overlay process can be a critical issue for lithography processes and outcome quality. However, this area has received relatively little attention, and no studies have reported on the alignment of multiple layers or complicated patterns.
To align patterns recorded by plasmonic lithography, especially with a plasmonic contact probe containing the ridge aperture, we consider three basic steps for the alignment process. These are defining a fiducial point in a certain mark offering position information, detecting the mark pattern, and setting a coordinate system for the patterning process. Because the patterns are recorded by the probe, it is the best direct way to align the working probe with the substrate to be patterned for the overlay process . It is commonly thought that the alignment process should have subpattern-sized accuracy in each stage, which affects the yield efficiency of the nano devices.
In the present work, we employ a near-field scanning optical microscope to set up a new (to our knowledge) alignment scheme that can be beneficial for plasmonic lithography using a plasmonic contact probe. Imaging of a heterogeneous nanostructure has been demonstrated with a plasmonic near-field scanning nanoscope (PNSN) using a plasmonic resonant ridge aperture in previous research [10] . This technique can detect changes in refractive index and absorption with spatial resolution on a nano scale by measuring change of the beam reflected from the aperture. Depending on specific characteristics of the ridge aperture, we introduce a plasmonic multifunctional probe that provides good alignment and lithography performance. To investigate the feasibility of the alignment scheme for application to plasmonic lithography, we conduct an analysis and experiments to estimate the uncertainty of the alignment process. Figure 1 shows the concept of a multifunctional probe that can detect a mark pattern for alignment and that also Fig. 1 . Concept of a plasmonic multifunctional probe. A ridge aperture has high transmission originating from Fabry-Perot resonance at λ L for plasmonic lithography and high sensitivity due to plasmonic resonance at λ A for detecting a mark pattern on a substrate. A large shift of the plasmonic resonance for variation of the refractive index of the material underneath the ridge aperture is plotted in the lower area of the figure, leading to a large signal for detecting the mark pattern. The mark pattern is measured at wavelength λ A , which is not sensitive to exposure of the photoresist.
has high transmission to generate a bright light spot in the near-field region for plasmonic lithography. It is well known that a ridge aperture in a metal film commonly has two types of resonance: Fabry-Perot resonance and plasmonic resonance [10, 11] . These resonances make the two functions, alignment and lithography, possible using a plasmonic contact probe. Plasmonic resonance is very sensitive to adjacent and surrounding conditions underneath the ridge aperture, which enables us to detect the image of the alignment mark based on differences in reflected light from the aperture. By changing the working wavelength from the plasmonic resonance to the FabryPerot resonance, we can select different functions of the plasmonic probe. After patterning and an additional treatment process, we can change the working wavelength back to the alignment wavelength and then repeat the above cycle for the next layer.
With simple calculations, we can derive the ideal case of the plasmonic probe suitable to the concept. It is well known that the wavelength of the plasmonic resonance depends strongly on the outline of the ridge aperture and that the wavelength of the Fabry-Perot resonance is mainly affected by the thickness of the metal film [11] . Using the finite differential time domain (FDTD) method (Optiwave version 8.1), we readily determine the geometry of a bowtie aperture that provides resonance at the appropriate wavelength for the alignment or lithography process. Since lithography is popularly done at certain wavelengths, the alignment wavelength should be different enough not to interfere with the lithography process. The refractive index of a standard substrate underneath the aperture is assumed to be 1.5, and the permittivity of the metal is described with the Lorentz-Drude model. The proposed multifunctional bowtie-shaped ridge aperture has an outline of 100 nm and a gap of 20 nm in the aluminum film, with a thickness of 100 nm. It can be confirmed that the Fabry-Perot wavelength is about 405 nm for lithography and the plasmonic wavelength is 660 nm for alignment. Since the i-line photoresist is used, the wavelengths are almost completely independent of each other.
The imaging resolution was well defined in a previous study, but it cannot strictly account for the alignment capability [10] . Thus, we conducted a more specific investigation to appropriately estimate the performance and feasibility of the alignment function.
We demonstrated a series of alignment processes with a surface plasmonic characteristic near the wavelength of 660 nm. We analyzed the image data of the alignment mark to construct a reference coordination system. Then we estimated the feasibility of the overlay alignment based on the calculated and experimental results.
An alignment mark was fabricated in a substrate of SiO 2 (n 1.5) as a cross pattern with an outline length of 2 μm and an arm width of 500 nm. Considering the fabrication and design parameters of the circular contact probe, a bowtie shape with an outline length of 130 nm and a ridge gap of 20 nm was perforated in the aluminum film with a thickness of 150 nm [9, 12] . To verify this study's concept of overlay alignment of a multifunctional aperture, we numerically calculated the image of the mark pattern to be measured with the PNSN. The image consisted of the signal of the imaging system calculated using the FDTD method at intervals of 20 nm over the range of the mark pattern.
The procedure for determining the reference point is illustrated in Fig. 2(a) . Two sets of line profiles were separately dealt with for each axis direction, and to collect the line profile centers, each was fitted with a super-Lorentzian function with a flat-hat-shaped profile. We also added random noise to the calculated image to evaluate the uncertainty of the reference point determined with this method. We estimated 3σ uncertainty by using a statistical method with line fitting for signalto-noise ratio (SNR), as depicted in Fig. 2(b) . The uncertainties in the x and y directions were very similar, with values of less than 5 nm even at a low SNR of 3. The estimated uncertainty is even lower for a larger SNR: less than 2.5 nm for an SNR larger than 6, and around 1.5 nm for an SNR larger than 10. Referring to the overlay requirement of maskless lithography in recent 2012 International Technology Roadmap for Semiconductors (ITRS) report, known to be 5.4 nm, this estimated uncertainty is small enough for the overlay process in nanolithography with a resolution of ∼2 × nm. Figure 3 shows the image obtained in the experiment and the process defining the center. The experiment was performed using a PNSN, and a focused ion beam (FIB) was used to make the cross pattern in the Si substrate. The cross pattern had four bars with an outline of 320 nm × 650 nm. Also, we fabricated a bowtie-shaped ridge aperture in the Al film coated at the bottom of a Si 3 N 4 -based circular contact probe. The probe of the detection system was scanned in contact mode without additional gap distance control between the aperture and sample. Diamond-like carbon film was deposited on the bottom side of the Al film for surface protection and maintenance of the gap distance [9, 12] . The image of the cross pattern was captured with the dimensions of 5 μm × 3 μm at a scanning speed of 1 μm∕s in our current system. There were 250 points for 5 um and 150 lines for 3 μm, and the distance between the adjacent two points was 22 nm in the x direction and 20 nm in the y direction.
Four uniform ranges were set with 20 lines in each bar to calculate sets of reference points for the alignment. When we assumed the absence of external errors, the expected 3σ of repeatability could be roughly calculated with the error analysis considered above. The SNR of the entire set of image data ranged from approximately 35 to 5. From the theoretical analysis, the calculated 3σ for the experimental image had an expected value of 1.55 nm (3σ ep ).
However, there is a discrepancy between the 3σ sm (1.33 nm) found by the FDTD simulation and the 3σ ep (1.55 nm) found by the experiment at an SNR of 11, which is the average value of the data having a lower quality signal in the x direction. This can be explained by material characteristics, such as the effect of the grain size on SiO 2 by the sputtering, fabrication characteristics such as the line edge roughness effect combined with material characteristics, and the FIB etching. These figures indicate that feasibility of near-field optical imaging with respect to alignment is worth considering. Because the capability of lithography has previously been demonstrated, we expect the multifunctional probe system to work properly.
In conclusion, we have proposed a new (to our knowledge) scheme of overlay alignment for plasmonic lithography using a contact probe, and our analysis and experiment results verify this concept. Based on the two resonance peaks of a ridge aperture in a metal film, this method adopts a multifunctional ridge probe that has both high transmittance to make a small bright spot for exposure of a photoresist and good detection capability for imaging of an alignment mark. We numerically analyzed this method in terms of the uncertainty in reference point position with respect to the noise in the image data. Also, we detected the image of a mark pattern with a scanning probe system and determined the reference point with the image. We showed that this method can be used to determine the reference point for overlay alignment with an uncertainty of less than 2 nm. To our knowledge, this study provides the first demonstration of alignment in plasmonic lithography. We expect it to be easily applicable in practice to plasmonic lithography systems using either a scanning contact probe or an array-type probe for parallel patterning. Also, this alignment method would be widely applicable to all near-field writing.
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